The globally abundant marine Cyanobacteria Prochlorococcus and Synechococcus share many physiological traits but presumably have different evolutionary histories and associated phylogeography. In Prochlorococcus, there is a clear phylogenetic hierarchy of ecotypes, whereas multiple Synechococcus clades have overlapping physiologies and environmental distributions. However, microbial traits are associated with different phylogenetic depths. Using this principle, we reclassified diversity at different phylogenetic levels and compared the phylogeography. We sequenced the genetic diversity of Prochlorococcus and Synechococcus from 339 samples across the tropical Pacific Ocean and North Atlantic Ocean using a highly variable phylogenetic marker gene (rpoC1). We observed clear parallel niche distributions of ecotypes leading to high Pianka's Index values driven by distinct shifts at two transition points. The first transition point at 6°N
Introduction
The marine Cyanobacteria Prochlorococcus and Synechococcus are globally abundant and combined, account for approximately 25% of ocean primary production [1] . Prochlorococcus is most abundant at ocean temperatures above 20°C, whereas Synechococcus has a wider habitat range but with a maximum abundance near 10°C [1] . However, the two lineages co-occur across broad environmental gradients in subtropical and tropical waters (from~40°S to 40°N).
The evolutionary diversification of Prochlorococcus has been closely associated with environmental factors (Fig. 1 ). At the basal phylogenetic level, Prochlorococcus is broadly divided into two ecotypes: low-and high-light (LL and HL)-adapted clades [2] . The LL-adapted clades are found at increasing depth with LLI located near the nutricline, LLII + III right below and LLIV at the bottom of euphotic zone [3, 4] . There are also additional LL-adapted lineages but the phylogenetic position and depth distribution of these are less clear [5] . The HL group can be divided into low-iron (named HLLIII/IV) and high-iron-adapted clades [6] [7] [8] [9] with the high-iron clade further divided into low-(HLI) and high-temperature (HLII) clades [10] . Thus, there is a clear association between phylogeny and environmental niches of ecotypes in Prochlorococcus.
The biogeography of Synechococcus genetic diversity is less clear. The current notion is that multiple clades (I, IV, and perhaps several others) are most abundant in colder, nutrient-rich waters. Similarly, several clades (clades II, III, V, VI, and VII) are frequent but variable in tropical and subtropical waters [11] [12] [13] [14] [15] . Finally, the CRD1 and envB/C clades appears to dominate low iron upwelling zones [16, 17] . However, the use of different marker genes and approaches makes the biogeography of Synechococcus unclear. The biology of Prochlorococcus and Synechococcus largely overlap with respect to many biological facets and only really differs in the composition of the light-harvesting system and cell size [18] . The two lineages are both unicellular, derive energy from photosynthesis, and use the same nutrient sources [19, 20] . They also have small genomes but with extensive genetic and phylogenetic microdiversity [21] . Thus, it is surprising that the biogeography of Prochlorococcus is characterized by a single ecotype dominating a specific environment, whereas Synechococcus has overlapping distributions of clades with similar biology.
To address this disparity in apparent evolutionary history, we revisited the phylogenetic organization of surface ocean diversity of Prochlorococcus and Synechococcus (Fig. 1) . Unless directly associated with a phenotype, clade delineations are arbitrary and microbial traits are commonly associated with different phylogenetic depths [22] . If we shift the phylogenetic depth for defining clades within Synechococcus, clade I/IV or clade II/III emerge as monophyletic clusters [23] . This new view motivates the current study and suggests a parallel phylogenetic structure for Prochlorococcus and Synechococcus diversity-at least for the major surface clades. As a result, we have two hypotheses. First, we predict that known Prochlorococcus ecotypes found in the surface waters (i.e., HLI, HLII, and HLIII/IV) share niche distributions with these newly defined Synechococcus clades. Second, Prochlorococcus and Synechococcus and their associated ecotypes harbor extensive microdiversity, which we hypothesize, is also organized in parallel. Thus, the phylogenetic and regional distribution of Prochlorococcus and Synechococcus diversity may be organized in a symmetric fashion.
To test this set of hypotheses, we quantified the phylogeography of Prochlorococcus and Synechococcus over broad open ocean environmental gradients using highthroughput sequencing of a variable phylogenetic marker gene (rpoC1) that covers both lineages. This marker gene is single-copy, encodes for the gamma subunit of RNA polymerase, which is distinctive in cyanobacteria [24] , and has been used previously to assess Prochlorococcus and Synechococcus diversity [16, 25] . Using flow cytometry and this marker, we can phylogenetically scale from each [23, 43] . Strains are colored based on their clade and clade names are at the base of each group. Metagenomic assembled genomes HNLC1 and HNLC2 are from Rusch et al. [6] . Hypothesized ecotype labels are listed in the center and tested in this study (color figure online) lineage through major clades to within-clade microdiversity. In doing so, we will test the degree to which the biogeography is shared across phylogenetic scales of these two important marine phytoplankton.
Methods
Samples were collected during three cruises: the mid North Atlantic Ocean cruise Bval46 from 28 September to 12 October 2011, the North Atlantic Ocean cruise AE1319 from 15 August to 8 September 2013, and the tropical Pacific Ocean Cruise NH1418 from 20 September to 6 October 2014. See Supplementary Table S1 for cruise information and sample data.
Nutrient and cell abundance measurements
Nutrient samples were collected after filtration through 0.8 μm Nucleopore polycarbonate filters (Whatman, Maidstone, UK). Soluble reactive phosphorus was determined using high-temperature acid persulfate oxidation on a Genesys 10UV spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) after preparation via the magnesiuminduced co-precipitation method [26, 27] . For cell counts, samples of whole seawater were collected in 2 mL centrifuge tubes. Freshly made 0.2 μm-filtered paraformaldehyde (0.5% v/v final concentration) was added to all samples and allowed to fix for at least 1 h at 5°C in the dark, after which they were stored at -80°C until analysis. Cell counts were performed on a FACSJazz or Influx flow cytometer (BD, Franklin Lakes, NJ, USA) utilizing a 200 mW 488 nm laser, with detectors for forward scatter, side scatter, 530 nm, and 692 nm. Instrument alignment was performed with 3.0 μm six-peak rainbow beads, while hourly checks on forward scatter response were performed with 0.53 μm Nile Red beads (Spherotech, Lake Forest, IL, USA). Prochlorococcus populations were discriminated based on forward scatter and red fluorescence, and a gate in orange (585 nm) discriminated for Synechococcus. Eukaryotes were all the large red autofluorescing cells that did not fit the Cyanobacteria gating scheme.
DNA extraction
Four liters of seawater were prefiltered on a GF/D, 2.7 µm glass-fiber filter before being collected on a 0.22 µm Sterivex filter (Millipore, Burlington, MA, USA). In all, 1.62 mL TES buffer (50 mM Tris-HCl pH 7.6, 20 mM EDTA pH 8.0, 400 mM NaCl, 0.75 M sucrose) was added before freezing at -20°C until further processing. DNA was extracted following Bostrom and co-workers [28] . Filters were thawed, 180 µl of lysozyme buffer (50 mg/ml) added, and then incubated at 37°C for 30 min. After adding 180 µl of proteinase K (1 mg/ml) and 100 µl of 10% sodium dodecyl sulfate, the filters were incubated at 55°C overnight. The filter liquid was removed and combined with 3 M sodium acetate (pH 5.2) and cold isopropanol and incubated at -20°C for > 1 h. After centrifugation at 15,000 g for 30 min at 4°C, the supernatant was removed and the pellet resuspended in Tris-EDTA buffer (10 mM Tris pH 8.0, 1 mM EDTA) in a 37°C water bath for 30 min. Finally, DNA was purified using a genomic DNA Clean and Concentrator kit (Zymo Corp., Irvine, CA, USA) and stored at -20°C.
PCR amplification and sequencing
DNA concentration was quantified with Qubit dsDNA HS assay kit (Life Technologies, Carlsbad, CA, USA) and subsequently diluted in Tris buffer (10 mM, pH 8.0) to a concentration of 1 ng/µl. We modified rpoC1 primers to target to ensure they targeted all known isolates of marine Prochlorococcus and Synechococcus lineages plus metagenomic assemblies from the HLIII/IV group [29] resulting in the primers 5M_newF (5ʹ-GARCARATHGTYTAY TTYA-3ʹ) and SACR1039R (5ʹ-CYTGYTTNCCYTCDA TDATRT-3ʹ). This region was also chosen such that reference sequences had no indels and thus enabled alignmentfree merging of non-overlapping regions for analysis. In all, 2 µl of 1 ng/µl DNA was added to a PCR cocktail of 1 µl each of 6 µM primer, 10 µl Premix F (Epicentre, Madison, WI, USA), and 0.5 µl Taq polymerase (Hotmaster Taq polymerase, 5 PRIME, Hamburg, Germany), and 5.5 µl nuclease-free water. After 35 cycles, 2 µl barcode oligonucleotides (Eurofins MWG Operon, Louisvillle, KY, USA) following Illumina NexteraXT index sequences were added to each sample for another 10 PCR cycles (Illumina, San Diego, CA, USA). PCR products were verified on an agarose gel and 1-2 µl of each sample were pooled for cleanup using Agencourt AMPure XP beads (BeckmanCoulter Genomics, Danvers, MA, USA). Final products were sequenced by paired-end 300 bp on a MiSeq. Sequences are stored in the Genbank database under bioproject PRJNA489862 under accessions SAMN09990737-SAMN09991321.
Data analysis
Sequences were trimmed to the same length to maintain an average quality score > 20 using FASTQC [30] . This reduced the second read by 81 bp leaving 519 bp for sequence analysis. The reverse complement of trimmed read 2 was concatenated with read 1. Concatenated sequences were demultiplexed and quality filtered using split_librar-ies_fastq.py script with default settings from QIIME1.9 [31] . The top 100 references were chosen using pick_open_reference_otus.py from QIIME1.9. All sequences were searched against a custom database of known Prochlorococcus and Synechococcus rpoC1 sequences using tblastx [32] . Best hits were identified by best e-value. Due to the overabundance of Prochlorococcus, we added additional Synechococcus sequences using pick_-open_reference_otus.py and added the top 100 references to the combined reference database to rerun tblastx on all sequences. Sequences mapping to Synechococcus also had to have % Guanine-Cytosine (GC) > 41.2, which was 5 standard deviations below the lowest average % GC from any Synechococcus clade and sequences mapping to Prochlorococcus had to have % GC < 49.1, which was 5 standard deviations above the highest average % GC from any Prochlorococcus clade. Sequences with <90% amino-acid identity and 90% coverage were filtered out. Different percent identity thresholds were compared with one another using Mantel test (Supplementary Figure S1 ) and 90% identity was chosen to minimize sequence sample noise. Sequences that passed these filters were associated with known clades based on the phylogeny of all reference sequences using raw sequence distance and clustering [33] . This clustering also agreed with a maximum likelihood phylogeny (Supplementary Figure S2) [34] . Taxonomic abundance and environmental data were interpolated using the DIVA algorithm in Ocean Data View [35] .
We specifically used rpoC1 as marker because protein sequences likely contain higher variation (due to variable third codon positions) than more conserved non-translated markers like 16S ribosomal RNA or the internal transcribed spacer (ITS) region. Sequenced isolates of Prochlorococcus and Synechococcus also demonstrate 100% rpoC1 amino-acid similarity, which facilitates an alignment-free approach. As a neutral spacer region, ITS has a higher rate of indels than rpoC1, necessitating manual curation of sequence alignments [9, 36] . Thus, whether an operational taxonomic unit (OTU) based or an alignment-based approach is used, identifying conserved SNPs in ITS across studies represents a significant computational challenge. Ostensibly, similar patterns to those observed here would be identified if the petB marker were used [23, 37] . However, no primer set exists that concurrently amplifies Prochlorococcus and Synechococcus petB sequences and would have to be developed. Thus, a strength of the rpoC1 marker gene system is its ability to identify microdiverse populations in a computationally efficient fashion.
To test for niche overlap, we estimated Pianka's niche overlap index on interpolated data from clades HLI, HLII, HLIII/IV, I/IV, II/III, and CRD1 frequencies in the top 100 m [38] . We estimated geographical distribution significance by comparison with a null model of data randomization across latitude.
Microdiversity analysis
Sequences strictly mapping to the Prochlorococcus clades HLIII/IV or HLII and the Synechococcus clades CRD1 or II/ III at >97% amino-acid identity and 90% coverage were separated into their respective clades. Single-nucleotide polymorphism (SNP) profiles were calculated as the most common nucleotide per base-pair position for each sample. Sequences were highly unique within each clade (92.5% unique for HLIII/IV, 95.9% for HLII, 99.8% for CRD1, and 99.9% for clade II/III) potentially due to sequencing errors. Samples were assessed for their most informative nucleotides using minimum entropy decomposition [39] . The 100 most informative nucleotide positions per clade were identified for each sequence to limit any additional sequencing error noise. We randomly sampled 100 sequences from most samples and included all sequences from samples with fewer than 100 sequences, noted in Supplementary Table S1 . We assessed phylogenetic composition of each clade grouped at 100% sequence identity using the weighted UniFrac metric [40] implemented in R [41] . Using the same top 100 most informative nucleotide positions per sequence, we assessed taxonomic similarity using pick_open_reference_otus.py from QIIME1.9 at a relaxed identity threshold of 85% coupled with Bray-Curtis dissimilarity [42] . We used the permutation multivariate analysis of variance test [42] to test if ocean origin explained the UniFrac-based phylogenetic composition variation. We used distance-based redundancy analysis with the UniFrac distance to test if other environmental parameters (depth, latitude, and temperature) explained phylogenetic composition variation [42] . We used the Mantel test with Pearson correlations [42] to test if clades were correlated with one another based on their phylogenetic composition.
Comparative phylogenies
Multi-locus sequence trees for Prochlorococcus and Synechococcus were recreated from previous analyses [23, 43] . For Prochlorococcus, 503 core genes in Prochlorococcus were aligned separately using ClustalW [43, 44] . For Synechococcus, seven core genes were aligned separately with ARB [23, 45] . For each lineage, gene sequences were concatenated, then a maximum likelihood tree was constructed using Phylip with neighbor-joining bootstrap support [34] , and rooted after with MIT9313 and WH5701 as outgroups for each phylogeny, respectively.
Previous Prochlorococcus and Synechococcus clade designations were confirmed using the marker gene rpoC1. After identifying novel references from within the dataset, no major new clades were identified. Although there are no strain representatives of clade NC1, this clade was well represented across these transects. Assigning sequences to their respective clades at different sequence identity cutoffs did not significantly change the overall clade distribution until > 97% amino-acid identity (Mantel test; Supplementary Table S2 ). Some Synechococcus closely related phylogenetic clades overlapped in their biogeography and were analyzed together after (p < 0.01 for clade I/IV; p = 0.056 for clade II/III; latitudinal randomization test, Supplementary Figure S1 , S2).
Results
To identify the detailed distribution of Prochlorococcus and Synechococcus diversity, we sequenced a phylogenetic marker gene (rpoC1, subunit γ of RNA polymerase) from 339 populations from three cruises covering equatorial, subtropical gyre, and colder nutrient-rich mid-latitude Table S1 ). The Tropical Pacific Ocean transect (3°S-19°N) was highly stratified, had a clear shallow thermocline and showed limited variation in surface temperature (27.2-29.3°C) (Fig. 2a) . Macronutrient availability in the surface was lower in the northern section; with phosphate concentration between 100 and 200 nM (Fig. 2b ) and nitrate concentration at detection limit ( < 10 nM). A sharp transition zone was observed at 5°N with macronutrient concentrations elevated in the southern section (phosphate > 400 nM). Near the equator, elevated nutrient concentrations were likely driven by upwelling likely leading to iron stress [46] . The environmental conditions in the North Atlantic Ocean (19.7-55°N) also displayed a clear transition zone (Fig. 2a, b) . Here, the transition zone was seen in the temperature profile, whereby the surface temperature was above 26°C below 39°N. North of this transition point, the surface temperature was lower (~19.5°C) and subsequently dropped to~10°C at 55°N
. Similarly, the phosphate concentration was very low ( < 10 nM) and nutricline deep (~200 m) below 39°N. However, phosphate rose and the nutricline shallowed (~40 m) north of this transition point (Fig. 2b ). There were two exceptions to this profile. There was an infusion of deep water at 37°N and slightly elevated nutrient concentrations between 23°N and 19.7°N, likely due to horizontal nutrient supply by the Caribbean Current.
In the Pacific, the abundances of picophytoplankton lineages displayed a similar clear transition, albeit with one or two degrees northwards shift of the nutrient gradient (i.e., 6°N-7°N). Both Synechococcus and picoeukaryotic phytoplankton abundances were approximately an order of magnitude higher south of 6°N (Fig. 2d, e) . In contrast, there was little latitudinal variation in Prochlorococcus surface abundances (Fig. 2c) . In the North Atlantic Ocean, the abundances of picophytoplankton lineages mirrored the environmental transition at 39°N, whereby a clear shift between Prochlorococcus-dominated (south) and elevated abundances of Synechococcus and picoeukaryotic phytoplankton (north) (Fig. 2c-e) . Thus, these transitions points were indicative of both the environmental conditions and phytoplankton abundance patterns.
In parallel with the overall phytoplankton community composition, the relative frequency of major Prochlorococcus and Synechococcus clades also shifted at the transition points (Fig. 3) . For Prochlorococcus, the equatorial Pacific section was dominated by the low-ironadapted HLIII/IV clade (Fig. 3c) , whereas the northern Pacific tropical mixed layer was dominated by the high temperature-adapted HLII clade (Fig. 3b) . Thus, the transition between HLIII/IV and HLII matched the shift in abundance of Synechococcus and picoeukaryotic phytoplankton. The HLI clade was only observed intermittently at lower abundance, right above the nutricline in the northern section, but was absent in the equatorial part (Fig. 3a) . The LL-adapted clades showed clear depth partitioning, whereby LLI was detected right below the HL ecotypes followed by LLII/III, LLIV, and NC1 at the bottom of the euphotic zone (Supplementary Figure S3) . The latitudinal separation of Prochlorococcus ecotypes was also seen for Synechococcus. Clade CRD1 was most frequent in the equatorial part (Fig. 3f) and clade II/III dominated the surface mixed layer north of 7°N ( Fig. 3e and Supplementary  Figures S4C and S4D ).
In the North Atlantic Ocean, we again saw a parallel latitudinal ecotype distribution for Prochlorococcus and Synechococcus (Fig. 3) . There was a clear transition at 39°N
, as HLII dominated the southern regions and HLI the northern regions between 43°N and 49°N (Fig. 3a) . Above 49°N, Prochlorococcus as a whole nearly disappeared (Fig. 2c) . HLI was present deeper in the water column near the 10 nM phosphate nutricline in the southern part of Atlantic Ocean section. As seen in the Pacific samples, Prochlorococcus LLI was the dominant LL clade and became frequent right below the nutricline (Supplementary Figure S3A) . Prochlorococcus LLII/III and LLIV were detected deeper in the water column ( Supplementary Figures S3B and S3C ). For Synechococcus, clade II/III was most frequent south of 39°N (Fig. 3e and Supplementary  Figures S4C and S4D) , whereas clade I/IV dominated between 41 and 55°N ( Fig. 3d and Supplementary Figures S4A and S4B) . Thus, both Prochlorococcus and Synechococcus clades displayed clear latitudinal distributions with transition points at 6°N for the Pacific Ocean and 39°N for the Atlantic Ocean.
We next quantified the degree to which individual clades had a shared biogeography using Pianka's index [38] . Three pairs of Prochlorococcus and Synechococcus clades significantly overlapped in their spatial distributions (p < 0.01; latitudinal randomization test, Fig. 4) . Specifically, Prochlorococcus HLIII/IV significantly overlapped with the Synechococcus CRD1 with high abundance in the hot, elevated macronutrient waters between 3°S and 6°N in the Pacific Ocean and largely absent elsewhere. Prochlorococcus HLII overlapped with Synechococcus clade II/III in hot but low macronutrient waters between 6°N and 20°N in the Pacific Ocean and between 21°N and 39°N in Atlantic Ocean. Prochlorococcus HLI overlapped with Synechococcus clade I/IV in cooler but elevated macronutrient waters north of 39°N in the Atlantic Ocean. Thus, there was significant evidence for a parallel biogeography of specific Prochlorococcus and Synechococcus clades.
We next detected distinct regional microdiversity within the two most frequently observed clades of Prochlorococcus (HLII and HLIII/IV) and Synechococcus (clade II/III, and CRD1) ( Fig. 5 and Supplementary Figure S5 ). Although sequences within these clades were nearly identical at the amino-acid level, there was extensive synonymous variation such that most sequences were entirely unique. However, sequences from individual samples shared unique SNPs suggesting locally distinct microdiversity in both Prochlorococcus and Synechococcus clades. Notably, this sequence variation was not random by region, but instead biogeographically and environmentally structured. Prochlorococcus HLII and Synechococcus Clade II/III had SNPs that were unique to regions of the Atlantic vs. Pacific Ocean suggesting adaptation to environmental differences between the two oceans (Fig. 5, Supplementary Figure S6 , and Table S4 ). We also detected distinct populations across latitude, temperature, and depth (Supplementary Table S5 and Figure S7 ). Thus, there was a major latitudinal transition in SNPs for each clade (HLII, HLIII/IV, CRD1, clade II/III) (Supplementary Figure S6) . In general, these changes followed the clade transitions with major shifts around 6-7°N but not always at this specific point. Clade II/III shifted between 5 and 6°N and HLII SNPs shifted even further south between 4 and 5°N
. To test our new approach, we also compared three sample dissimilarity metrics: phylogenetic composition using UniFrac distance, the sample SNP profiles using Euclidean distance, or the taxonomic diversity using the Bray-Curtis dissimilarity (Supplementary Table S6 ) yielding significant correlations between metrics for all clades. Thus, our SNP profiling gave similar results to traditional approaches for examining the distribution of microbial diversity but also allowed the identification of the actual sequence differences leading to such patterns.
Depth-dependent environmental changes also structured the microdiversity of each clade illustrated by sites with high vertical sampling frequency ( Supplementary Figure S8) . At 18°N, the microdiversity for Prochlorococcus HLII was uniform down to 70 m, which covered both the mixed layer (depth~20 m), as well as stratified waters below (Supplementary Figure S8A) . At 70 m, we observed a subtle shift, whereas the population deep in the euphotic zone ( < 140 m) was different. Thus, there were distinct vertical populations over short distances of the HL-adapted clade HLII in the water column. The population structure of Synechococcus clades II/III showed a parallel vertical distribution (Supplementary Figure S8B) . Again, populations were similar within and below the mixed layer, whereas different populations were found deeper in euphotic zone. At 2°S in the Pacific Ocean, the microdiversity for Prochlorococcus HLIII/IV and Synechococcus CRD1 were uniform within the mixed layer (mixed layer depth: 64 m) and below to~100 m (Supplementary Figure S8C + D) . Below this point, we observed slight variations in the genetic structure for both HLIII/IV and CRD1. As seen regionally, we observed clear parallel variations in the vertical microdiversity structure for both Prochlorococcus and Synechococcus clades.
Discussion
By using the same genetic marker, sequencing technique, analysis method, and samples, we confirm in this study our first hypothesis that the phylogeography of Prochlorococcus and Synechococcus are tightly concordant across ocean regions. Building on a series of recent studies [12, 17, 47] , we demonstrate that Prochlorococcus and Synechococcus contain three matching major surface ocean ecotypes and now suggest that these ecotypes are phylogenetically organized and distributed equivalently. The first ecotype (Prochlorococcus HLIII/IV and Synechococcus CRD1) is adapted to high temperature, elevated macronutrients, and presumably low iron availability. In our study, this ecotype is restricted to the iron-stressed Eastern Pacific Equatorial Zone but other studies have also detected HLIII/IV and CRD1 in the Indian Ocean upwelling zones [6, 47] , the Costa Rica Dome water [16, 48] , and the Benguela Upwelling Zone [17] . The second ecotype (HLII and clade II/III) is present in high temperature, low macronutrient, and high iron waters, which in our study were sandwiched between equatorial upwelling zones and colder, nutrient-rich mid-latitude waters. The third major ecotype (HLI and clades I/IV) is found in higher latitude colder, nutrient-rich waters. Despite the strong niche overlap between Prochlorococcus and Synechococcus genetic diversity, our findings do not imply that these clades occupy the same niche given that Prochlorococcus cells in comparison with Synechococcus have distinctive photosystems, smaller cell size, and other differing features [49] . Thus, it is an open question why the two lineages co-exist in large parts of the ocean. Echoing Hutchinson's Paradox of the Plankton [50] , this may be due to a combination of different physiological traits, top-down controls, and mixing.
The parallel phylogeography between Prochlorococcus and Synechococcus extends from the ecotype level further into the fine-scaled genetic diversity of both lineages. The large number of samples analyzed here support the idea that adaptation to the local environment as opposed to stochastic processes control the observed patterns [51] . We propose that a stoichiometric difference in nutrient concentrations and consequently nitrogen (Pacific Ocean) vs. phosphate (Atlantic Ocean) stress between the gyres likely underpins the phylogeographic patterns [52] . We also saw that the microdiversity SNP profiles shifted at the same location in the Pacific Ocean as the shifts observed at higher taxonomic levels, suggesting that the diversity at many levels is at least in part subject to the same selection [47] . Such a biogeography at a very fine phylogenetic level has also been eluded to by a comparison of single-cell genomes, as well as metagenomes from the Pacific and Atlantic Ocean subtropical gyres [53] [54] [55] [56] . Furthermore, previous work have suggested that stoichiometric changes in a N vs. P could be an important driver of basin-scale differences in population structure [57] . Past studies have struggled in detecting a phylogeography among Prochlorococcus and Synechococcus microdiversity-especially as it pertains to the HLII clade [36, 47, 57] . Our approach takes advantage of using (i) a marker with no indels leading to low uncertainty in calling sequence variants (e.g., in comparison with ITS) and (ii) a functional gene resulting in a large number of SNPs between microdiverse lineages making our approach less sensitive to sequencing errors. We suspect that the combination enabled us to detect systematic patterns in the regional and vertical microdiversity of Prochlorococcus and Synechococcus.
We find that diversity across picophytoplankton lineages, clades, and microdiversity all shift near specific transition points. These transitions occur near 6°N in the Tropical Pacific Ocean and 39°N in the North Atlantic Ocean and represent fundamental shifts in the environmental conditions supporting phytoplankton growth. These transitions are likely biologically amplified as phytoplankton-driven biological processes contribute to the availability of resources (i.e., drawdown of nutrients and to some extent light shading). The uniformity in distribution of phytoplankton diversity at multiple phylogenetic levels across these environmental zones suggests that all lineages experience similar stressors. In some cases, adaptation can overcome the stress condition as seen in the even distribution of Prochlorococcus across the tropical Pacific Ocean. In contrast, the abundance of Synechococcus and picoeukaryotic phytoplankton were more sensitive to environmental changes as indicated by the change in overall abundance around 6°N-7°N. However, considering the clades within each lineage, the shifts in biophysical growth constraints exert specific selective pressures leading to strong shifts in phylogenetic diversity across both Prochlorococcus and Synechococcus-and likely many other lineages. Thus, our study suggests that as Prochlorococcus and Synechococcus co-occur in regions with specific environmental stress conditions, this leads to a parallel evolutionary diversification and biogeography across phylogenetic scales.
